Numerous genetic association studies for complex diseases are performed. Investigators place emphasis on formal statistical significance (P-values o0.05), but the predictive ability of early statistically significant ('positive') findings is unclear. We scrutinized 55 cumulative meta-analyses of genetic associations (579 studies), in order to assess whether having statistical significance in the earliest (first) published study or in at least half among several (X3) early-published studies, or high statistical significance in early studies had any predictive ability for establishing or refuting the presence of the genetic association in subsequent research. In 35 associations, a first study was 'positive' and in 15 associations more than half of the earlypublished reports were 'positive'. The average publication rate of subsequent studies increased 1.71-fold with a 'positive' first report. When compared against the summary results of subsequent research, sensitivity and specificity were 0.65 and 0.38 for the first reports, and 0.40 and 0.73, respectively, when at least three early studies were considered. First studies also had poor predictive ability, when we considered the estimated attributable fraction and coverage of the 95% confidence interval thereof or higher levels of statistical significance. We conclude that although 'positive' findings in the very first reports provide strong incentive for conducting more studies on a putative genetic epidemiological association, the statistical significance or even the magnitude of the effect of early studies cannot adequately predict eventual establishment of an association. Conversely, many genuine epidemiological associations would be missed, if research were abandoned after early underpowered 'negative' studies.
Introduction
Genetic association studies are a key method for deciphering the potential relationship between the millions of candidate genetic risk factors 1 and complex multigenetic diseases. 2 Genetic epidemiology has become one of the most prolific fields in epidemiological research. However, concerns have been voiced that newly proposed genetic epidemiological associations are not consistently replicated by subsequent research. 3, 4 The estimates of the first published statistically significant studies on a genetic association are probably inflated compared to the truth, 3, 5 following a 'winner's curse' phenomenon, which has been described for linkage studies. 6 The ability of the earlypublished studies on a probed genetic association to determine whether this association indeed exists or not requires further investigation. Researchers often place a lot of emphasis on formal statistical significance, and even characterize studies as 'positive' or 'negative' based on whether the P-value is o0.05 or not. However, it is unclear as to whether this is justified at all. Important questions may be posed: Is it more likely that subsequent research will establish the importance of an association, if a first report finds formally statistically significant rather than nonsignificant results? Is the predictive ability improved when several early reports are considered? Finally, would the estimated effect size and coverage of the 95% confidence interval in first studies offer better predictive information? We set out to answer these questions in an empirical evaluation of evidence accumulated for 55 genedisease associations.
Materials and methods

Database
We used a published database of 55 meta-analyses of 579 genetic association studies of various disease outcomes. Details of the search strategy, eligibility criteria and the resulting database along with a list of the eligible metaanalyses have been published previously. 3, 7 For every metaanalysis, we identified the 'first' published study; if several studies were published during the earliest year of the metaanalysis and there was no way to discern their order, we characterized all of them as 'first'. Algorithms for selecting primary outcomes, genetic contrasts and first studies have been described elsewhere. 4 For every meta-analysis, as 'early-published' studies we selected the 3 first published studies as well as any others published in the same calendar year as the third study. We regarded as 'time span' of a meta-analysis the time interval between the publication of the earliest and the latest included report, unless the last literature search of the meta-analysis also covered subsequent years. If the authors of each meta-analysis did not state the time of the last literature search, we assumed it was 1 year prior to the publication of the meta-analysis.
Statistical methods of meta-analyses
The odds ratio (OR) was used as the metric of choice. We tested for between-study heterogeneity for each metaanalysis with the w 2 -based Q statistic, which was considered significant for Po0.10. 8 We used random effects methods to combine the data. Random effects methods allow that the OR may vary between different studies, and they are acceptable even in the presence of heterogeneity. 8 Evaluation of these meta-analyses for potential heterogeneity between small and larger studies (occasionally suggestive of publication bias) has been described in detail in a previous publication. 7 The DerSimonian and Laird random effects methods provide an estimate of the between-study variance that is added to the within-study variance of each study. All OR estimates are considered statistically significant at the Po0.05 level.
In order to assess the evolution of the accruing evidence on a putative genetic association over time, we performed cumulative meta-analyses. In cumulative meta-analysis studies are ordered by ascending year of publication, and the summary OR, confidence intervals (CIs) and statistical significance status are re-estimated at the end of each calendar year, as new data accumulate. 10 
Comparative analyses
We compared cumulative meta-analyses of genetic associations where a first study was 'positive' vs those with only 'negative' first studies. We also assessed if meta-analyses where at least half of the early-published studies were 'positive' differed from meta-analyses where more than half of these studies were 'negative'. In a further sensitivity analysis, we also assessed the predictive ability of earlypublished studies with very low P-values (defined as at least two studies with Po0.01, or at least two 'positive' studies, one of which has Po0.001). The main evaluations excluded the first or the early studies from the cumulative meta-analyses, respectively. Separate secondary analyses included these studies as well. 'Positive' and 'negative' correspond to P-values o0.05 and X0.05, respectively. These terms simply refer to the level of statistical significance. They should not be misinterpreted as having any relationship with the quality of a study or its results.
We examined whether the average rate of studies published per year during the time span of each metaanalysis depended on the statistical findings of the first or early-published reports. We also assessed whether this publication rate depended on the magnitude of the OR in the first or early-published reports (random effects summary OR of several studies, when applicable). Furthermore, we evaluated whether the final estimate of the strength of an association (OR at the end of the metaanalysis) depended on the statistical findings of the first or early-published reports (Mann -Whitney U-test).
We calculated the sensitivity and specificity of 'positive' first or early-published reports and of early studies with very low P-values, using the statistical significance of the cumulative meta-analysis as the best available 'gold standard' for the presence or not of an association. Sensitivity and specificity should be independent of the prevalence of statistically significant meta-analyses, while the positive and negative predictive values (PPV and NPV, respectively) are affected. From a Bayesian perspective, PPV and NPV represent the posterior probabilities (posterior 'knowledge') that are derived by applying the positive and First studies in genetic epidemiology TA Trikalinos et al negative likelihood ratios (LR þ and LRÀ, respectively) to the prevalence of 'positive' associations among those probed (a prior probability). The prevalence of statistically significant meta-analyses in our sample is probably an upward biased estimate of the genuine genetic associations among those probed, since genetic associations with one or few 'negative' study results may never be addressed by meta-analysis. Thus, we also imputed PPV and NPV values assuming a much lower prevalence (10%) of genuine genetic associations among those probed.
Finally, we examined the sensitivity and specificity of having an estimated attributable fraction (AF) X2% (based on the coverage of the 95% CI) in the first study (random effects summary when several first reports were available). AF is the proportion of the disease risk that is explained by a risk factor. It can be calculated from the frequency of the risk factor and associated OR by the formula
We calculated the range for the anticipated AF, using the upper and lower boundary of the 95% CIs of the OR. We estimated the frequency of the pertinent genetic risk factors using random effects weighted estimates of the frequency across the control groups of the included studies. We selected a priori a cutoff value of 2% for the AF, since smaller values are unlikely to represent important genetic risk factors at the population level and would not be realistically important to decipher. Analyses were performed in SPSS 11.0 (SPSS Inc., Chicago, IL), STATA 8.2 (STATA Corp., College Station, TX), Stat-Xact 3.0 (Cytel Corp., Boston, MA), and Metaanalyst (Joseph Lau, Boston, MA). P-values are two-tailed.
Results
Characteristics of meta-analyses
A total of 35 meta-analyses had at least one 'positive' first study, while the remaining 20 had only 'negative' first reports. Two-thirds of the ORs of the 'positive' group (24/ 35) suggested at least a doubling of the odds of disease susceptibility conferred by a genetic risk factor, while ORs were much smaller in the second group. The two groups did not differ in the length of their time span or sample size. 'Positive' first reports were followed by the publication of more studies than 'negative' first reports (Table 1) .
In 15 meta-analyses at least half of the early-published studies were 'positive', while in 33 more than half were 'negative'. Seven meta-analyses were excluded from the calculations, because no further reports had appeared after their early-published studies. Meta-analyses where the majority of early reports were 'positive' had a longer time span, greater median cumulative sample size and more studies compared to the rest ( Table 2) .
Nine meta-analyses had early-published studies with very low P-values, while 39 did not. The summary ORs of the early-published studies did not differ between these two groups (P ¼ 0.23, for the pertinent comparison). The same was true for the time span of the meta-analyses (median 5 years (interquartile range, IQR ¼ 3, 7) vs 5 (IQR ¼ 3, 7); P ¼ 0.76). Meta-analyses with very low early P-values tended to have greater cumulative sample size (median 4230 (IQR ¼ 2398, 7362) vs 2389 (IQR ¼ 1199, 4178); P ¼ 0.11) and more subsequent studies (median 9 (IQR ¼ 6, 13) vs 5 (IQR ¼ 3, 9); P ¼ 0.10). These differences became statistically significant when the early-published studies were also considered in the comparisons (P ¼ 0.026 and 0.025 for the two comparisons, respectively).
Rate of subsequent publications
The average rate of subsequent publications increased 1.71-fold (95% CI ¼ 1.39, 2.10) when a 'positive' first study existed, and became 1.17-fold greater (95% CI ¼ 1.08, 1.27) per doubling of the OR in the first study. When both the statistical significance of the first investigations and the magnitude of their OR were simultaneously considered in multivariate modeling, the average rate of study publica- The average rate of subsequent publications did not increase when at least half of the early-published studies were 'positive' (rate ratio 1.02 (95% CI ¼ 0.82, 1.26)), and did not depend on the summary OR of the early-published studies (rate ratio 0.93, (95% CI ¼ 0.76, 1.14) per doubling of the summary OR). However, the presence of earlypublished studies with very low P-values increased the rate of subsequent publications by 1.38-fold (95% CI ¼ 1.08, 1.75).
Subsequent magnitude of the genetic effect
The summary OR of the subsequent investigations did not differ between meta-analyses with a 'positive' first study vs meta-analyses with 'negative' first reports. The median subsequent summary OR among the meta-analyses with 'positive' first studies was 1.22 (IQR ¼ 1.06, 1.45) vs 1.16 (IQR ¼ 0.88, 1.55) when the first investigations were 'negative' (P ¼ 0.52 for the comparison between the two groups) (Figure 1) . Similarly, there was no difference in the magnitude of the summary OR among meta-analyses where the majority of the early-published studies were 'positive' (median subsequent OR 1.26 (IQR ¼ 1.13, 1.45)) vs those where the majority was 'negative' (median subsequent OR 1.19 (IQR ¼ 1.06, 1.55); P ¼ 0.65 for the comparison between the two groups) (Figure 1 ). The same was true for meta-analyses where early-published studies had very low P-values vs meta-analyses without very low early P-values (median subsequent OR 1.35 (IQR ¼ 1.13, 1.34) vs 1.25 (IQR ¼ 1.06, 1.54); P ¼ 0.82).
Subsequent statistical significance of genetic associations
Excluding the first studies, the calculated sensitivity and specificity of a 'positive' first report were low (0.65. and 0.38, respectively; Table 3 ). Given the observed prevalence of meta-analyses with 'positive' final results in our sample (23/55, 42%), the PPV and the NPV of a 'positive' first study would be 0.43 and 0.60, respectively. If only 10% of the probed genetic associations were genuine, the PPV and NPV of a 'positive' first report would be 0.10 and 0.91, respectively. Including the first studies in the meta-analysis calculations yielded similar results (Table 3) .
When the majority of the early-published studies were 'positive', the sensitivity and specificity for predicting statistical significance in the meta-analysis of subsequent research were low (0.40 and 0.73, respectively). However, after the incorporation of the early-published studies in the calculations, sensitivity increased modestly to 0.52 and specificity became very good (0.91) ( Table 3) . With these more favorable estimates, PPV and NPV would be 0.81 and 0.72, respectively, when the prevalence of genuine associations is 42%. PPV and NPV would be 0.39 and 0.94, when this prevalence is only 10%. The presence of earlypublished studies with very low P-values had a similar sensitivity and specificity as the presence of a majority of early studies with 'positive' results, when all studies were considered in the meta-analysis calculations. The sensitivity of having very low P-values in early-published studies dropped to 0.20, when the early studies were excluded from the meta-analysis calculations, but the 95% CIs overlapped considerably with the 95% CI of the respective sensitivity of having a majority of 'positive' early reports (Table 3) .
Anticipated AF for the disease risk
The first study of 19 meta-analyses claimed an AF of at least 2% (based on the coverage of the 95% CI), whereas the first study in the remaining 36 could not have such certainty. The synthesis of the subsequent studies claimed an AF of at least 2% in 14 meta-analyses, while another nine metaanalyses eventually excluded an AF of 2%.
Formal statistical significance in the cumulative metaanalyses was not strongly related to whether the first First studies in genetic epidemiology TA Trikalinos et al Figure 1 Summary ORs (dots) and corresponding 95% CIs (vertical bars) for research published after the first studies (a) or after at least 3 early-published studies (b) for each one of the eligible meta-analyses (55 for (a) and 48 for (b)). Arrowheads imply that the upper or lower boundary of the 95% CI extend beyond the edges of the graph. Meta-analyses with ORs greater than 1.00 are showing effects in the direction proposed by the first studies, or the synthesis of at least three early-published studies. Meta-analyses with ORs less than 1.00 are showing effects in a direction opposite to that of the first studies, or the synthesis of at least three early-published studies. Ordering is by ascending OR values. Inclusion of the first or early-published studies in the summary OR calculations yielded largely similar results (not shown). OR: odds ratio.
First studies in genetic epidemiology TA Trikalinos et al studies had claimed or not an AF of at least 2% based on the coverage of the 95% CI. Sensitivity and specificity estimates were modest regardless of whether first and earlypublished studies were included or not in the calculations (Table 3) .
Discussion
We have shown that the apparent establishment of a proposed genetic epidemiological association is largely independent of the statistical significance found in the first or early-pertinent reports. While 'positive' first reports stimulate the publication of subsequent investigations, they have limited predictive value for proving epidemiological associations on their own. Hence, relying solely on formal significance of first reports -in terms of a P-value o0.05 -is not an optimal strategy for investing time and resources in order to verify genetic associations. Even when at least three studies are published their results cannot be considered decisive and subsequent research may still give different results. Even early studies with very low P-values still have no better predictive ability for the results of subsequent studies. Approaches based on the magnitude of the genetic effect rather than its statistical significance are not necessarily more efficient for detecting associations given the currently employed sample sizes. Even when an early study is not only significant but can also explain 2% of the population disease risk, based on the coverage of the 95% CI, there is no guarantee for the subsequent replication of the findings. Only about a quarter of the metaanalyses could eventually suggest (based on the coverage of the 95% CIs) that they had found a genetic risk factor that would explain at least 2% of the disease risk. Much fewer meta-analyses could exclude a 2% AF with such certainty. The fact that characteristics of early research cannot clearly identify the associations that are established by future research is not surprising, given that the first published reports often propose inflated and significantly discrepant results compared to subsequent research. 3, 5 Given the plethora of genetic information and the theoretically countless possible genetic associations of diseases, an 'auction analogy' has been proposed, 5 where the study with the smaller P-values ('most favorable bid') is published first. Nonreplicated early studies could represent incidental spurious findings due to type I error in a setting of multiple comparisons. 11 Under this perspective, the whole phenomenon could be viewed as a meta-analysisleveled regression to the mean. Biological plausibility may be important to consider when targeting a specific association. However, biological plausibility is usually not straightforward, and it can often be even misleading, especially when evoked post hoc to support the epidemiological findings. Conversely, most conducted studies are of a relatively small sample size and, since most associations refer to modest effect sizes (OR 1.20 -1.50), they are obviously underpowered. 7, 12 Thus type II error is also prominent and important genetic risk factors may be missed if the search is abandoned after limited 'negative' data are obtained. The average rate of publication of subsequent studies was almost 70% greater, when a first study had reached statistical significance. P-values o0.05 seem to allure other research teams to probe the gene -disease association proposed by the first study. Formal statistical significance provided a stronger incentive than the actual magnitude of the genetic effect in this regard. We should acknowledge that we examined meta-analyses of published investigations and that some studies may never be published 13, 14 or may be published with considerable delay. 15 Thus an alternative explanation may be that not only the conduct of subsequent research but also the ability or intention to publish its results may be compromised when the initial reports on an association are 'negative'. These biases would Refers to the presence of X2 studies with P-values o0.01, or the presence of X2 statistically significant studies, one of which has Po0.001 among the early-published studies. CI: confidence interval; LR+: positive likelihood ratio; LRÀ: negative likelihood ratio. CIs were derived using exact methods.
First studies in genetic epidemiology TA Trikalinos et al pose a threat to the validity of the emerging literature. All well-conducted genetic data should be registered in accessible databases, so that we can obtain a comprehensive picture of the evolving evidence. 16 In a Bayesian framework one may approach the results of the first or early studies as the data that modify prior probabilities with regard to the presence of a true association into posterior (postdata) probabilities. Even with careful biological targeting of research questions, it is likely that the majority of probed gene -disease pairs do not represent genuine, true associations. Thus the prior probability may be in the 10% range or less. Actually, the extensive adoption of high-throughput techniques with the ability to genotype automatically hundreds and thousands of genetic markers concurrently (the expansion of the 'discovery research' paradigm) means that prior probabilities may become even far smaller than that in the future. The vast majority of probed gene -disease pairs are probably totally unrelated. Our data suggest that the estimated LR þ of early results cannot transform the low prior odds to high enough posterior probabilities. Largescale validation in several studies with many subjects would be essential, especially if the prior probability is low, as in the setting of 'discovery research' in any field of current molecular medicine. 17, 18 Conversely, the estimated LRÀ does not seem to decrease the likelihood of 'negative' results appreciably and further studies may still be warranted if there is a strong prior biological rationale. Our analysis was based on meta-analyses retrieved from electronic databases. We have not updated each individual meta-analysis. Updating from our team could have been precarious, since it is often difficult for outside investigators to capture the exact eligibility criteria of the original meta-analysis. Moreover, the statistical significance of a meta-analysis of several studies is not necessarily a 'gold standard' for the eventual establishment of a genetic association. Nevertheless, it is the best available proxy. A more important limitation is that meta-analyses are still conducted for a relatively small, not fully representative, proportion of genetic associations. For some associations only one study is often performed and/or reported, and no subsequent research may be published, especially when findings are 'negative'. Obviously, meta-analyses cannot be conducted in such cases. Hence, 'positive' findings may be over-represented in our database, compared to the plethora of genetic associations that have been or are being assessed. Sensitivity and specificity are nevertheless unbiased in this setting. This also suggests that the effect of a first 'positive' report upon the subsequent rate of publications is probably even stronger than what we estimated. For the large majority of genetic associations, searching is largely a hypothesis-generating exercise and prior beliefs are not so strong to keep pursuing more studies in the face of 'negative' results. Finally, we should acknowledge that in this evaluation we considered only case -control investigations on unrelated people. Theoretically family-based studies may eliminate the confounding effects of population stratification, but we cannot tell whether they would have better predictive ability for the eventual establishment of an association. Moreover, the large majority of studies in this field use case -control designs.
Our findings could lead to the formulation of some guidelines about the interpretation of early genetic association studies. As in any field of epidemiological research, preliminary, hypothesis-generating studies are useful, but rarely sufficient on their own. The establishment of genetic epidemiological associations requires substantially larger studies, a considerable number of carefully conducted investigations, 11 and all-inclusive meta-analyses. 19 Of course, the interpretation of formal statistical significance in a meta-analysis may entail similar dangers as in single studies. For major diseases further research should be encouraged, if resources can be met, until at least several thousand subjects have been genotyped. Even then there can be limited certainty if the genetic variants are rare. Moreover, the AF may sometimes vary across different settings, for example, racial groups, although most often differences are probably not major. 20 In the presence of major heterogeneity due to population stratification, 21 -23 or other factors, 21 continuous monitoring of the updated results on an association may determine both whether further studies are needed, and if so, in what specific population settings. Real-time evidence collection and comprehensive synthesis 24 may be very useful in probing genetic associations of complex diseases, but cautious interpretation is probably always warranted.
